The Ru(II) hydride complex (IMes) 2 Ru(Cl)(H)(CO) (1) {IMes ) 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene} was synthesized from [Ru(CO) 2 Cl 2 ] n and free IMes. Complex 1 rapidly reacts with CO to produce the cis-dicarbonyl Ru(II) complex (IMes) 2 Ru(Cl)(H)(CO) 2 (2). The reaction of 1 with NaBAr′ 4 {Ar′ ) 3,5-(CF 3 )C 6 H 3 } produces the four-coordinate Ru ( 
Introduction
Since the initial discovery of a transition metal dihydrogen complex in 1983 by Kubas et al., [1] [2] [3] [4] there has been significant interest in the coordination chemistry of dihydrogen. 5, 6 It has been shown that coordination of dihydrogen can precede H-H bond cleavage to form two hydride ligands (i.e., oxidative addition, Scheme 1), which is a key step in many catalytic hydrogenation reactions. [7] [8] [9] For example, Wilkinson's catalyst (PPh 3 ) 3 RhCl and related systems commonly adopt what has been referred to as the dihydride mechanism for catalytic hydrogenation, where coordination and subsequent oxidative addition of H 2 occur along the catalytic pathway. 7, 10 Interest in transition metal-mediated coordination and activation of dihydrogen also emanates from the close relevance to the coordination/activation of other nonpolar X-H bonds (e.g., X ) C or Si). [11] [12] [13] [14] [15] [16] [17] Significant effort has been directed toward the isolation of metal complexes with σ-coordinated H-H, C-H, Si-H, and related bonds as well as understanding the factors that control the equilibrium between the σ-adduct and the oxidative addition product. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] * To whom correspondence should be addressed. E-mail: tbg7h@ virginia.edu.
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(1) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.; Wasserman, H. J. J. Am. Chem. Soc. 1984, 106, 451-452. (2) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120-128 (11) Ritleng, V.; Sirlin, C.; Pfeffer, M. Chem. ReV. 2002 ReV. , 102, 1731 ReV. -1769 (12) Dyker, G. Angew. Chem., Int. Ed. 1999 , 38, 1698 -1712 The d 6 metals Ru(II) and Os(II) have been commonly used to form σ-complexes with H 2 , and in many cases such species also serve as effective hydrogenation catalysts. [33] [34] [35] Ruthenium monohydride systems often serve as precursors to hydrogenation catalysts and/or dihydrogen complexes. 34, [36] [37] [38] Most germane to the work presented herein are the monohydride Ru(II) complexes supported by N-heterocyclic carbenes (NHC) and/ or phosphines. For example, the five-coordinate Ru(II) complex (PCy 3 ) 2 Ru(Cl)(H)(CO), where the Ru possesses square pyramidal geometry with the hydride ligand in the apical position, has been reported to catalytically hydrogenate olefins at room temperature under 1 atm of H 2 with high turnover frequencies. 37 NHC ligands have been employed by many research groups as stable and strongly electron-donating alternatives to phosphine ligands. [39] [40] [41] [42] Nolan et al. have replaced a single phosphine ligand of (PCy 3 ) 2 Ru(Cl)(H)(CO) with an NHC to produce (IMes)(PCy 3 )Ru(Cl)(H)(CO) {IMes ) 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene}. 38 The mixed NHC/phosphine complex is less active as a hydrogenation catalyst (at room temperature) than the bis-phosphine complex (PCy 3 ) 2 -Ru(Cl)(H)(CO) but exhibits similar activity at elevated temperatures. The decreased activity for the mixed NHC/phosphine complex at ambient temperature is proposed to be due to a combination of stronger coordination of IMes (versus PCy 3 ) and enhanced steric congestion at the metal center. The addition of HBF 4 to (IMes)(PCy 3 )Ru(Cl)(H)(CO) is proposed to trap the putative four-coordinate, 14-electron intermediate (IMes)Ru-(Cl)(H)(CO) (via the production of [HPCy 3 ][BF 4 ]), which was found to be a more active catalyst than the 16-electron precursor (IMes)(PCy 3 )Ru(Cl)(H) (CO) . 38 Also, a series of trans-(NH-C)Ru II mono and dihydride complexes have been prepared, 43 and though these complexes were not studied for hydrogenation, they show interesting reactivity toward intra-and intermolecular X-H (X ) C, N, or O) [44] [45] [46] [47] and C-X (X ) C or N) 47,48 bond activation.
Studies have shown that NHC's may possess similar electronic properties to trisalkylphosphines. [39] [40] [41] [42] 49, 50 However, with "fan-shaped" geometries the steric properties of NHCs are distinct from phosphines. In some cases, NHC ligands have been found to simultaneously enhance catalyst stability and activity (compared to their phosphine analogs) including applications in olefin metathesis, [51] [52] [53] [54] [55] [56] hydrogenation, 38,57-59 and hydrosilylation reactions. 60 Herein, we describe the synthesis, characterization, and initial reactivity studies of five-and fourcoordinate Ru(II) hydride complexes supported by two IMes ligands.
Results and Discussion
Synthesis, Characterization and Reactivity of (IMes) 2 -Ru(Cl)(H)(CO) (1). Heating the previously reported [Ru-(CO) 2 Cl 2 ] n with excess IMes in toluene followed by the addition of methanol forms the five-coordinate Ru(II) complex (IMes) 2 Ru(Cl)(H)(CO) (1) in 32% isolated yield (eq 1). During the course of our studies, the synthesis of (IMes) 2 Ru(Cl)(H)(CO) (1) from Ru(AsPh 3 ) 3 (CO)H 2 or Ru(IMes) 2 (CO)(OH)H was reported by Whittlesey et al. 61 Our spectroscopic data for complex 1 are consistent with the previously reported data. For example, the 1 H NMR spectrum of 1 shows a singlet assigned as the Ru-H at -25.4 ppm (C 6 D 6 ) while the IR spectrum (thin (20) 
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. In addition, we used variable temperature 1 H NMR spectroscopy to further study the structure and bonding of complex 1 (see below).
The source of the hydride ligand in 1 is unclear. Use of CD 3 OD in place of CH 3 OH or toluene-d 8 in place of perprotiotoluene does not result in deuterium incorporation into the final product ( 1 H NMR spectroscopy reveals no change for syntheses using these deuterated reagents). Heating [Ru(CO) 2 Cl 2 ] n with two equivalents of free IMes in toluene-d 8 (prior to methanol addition) results in a mixture of products (by NMR and IR spectroscopy) including a single Ru-H resonance at -4.5 ppm without evidence of complex 1. Reflux of this mixture (after heating in toluene-d 8 ) in either CH 3 OH or CD 3 OD produces complex 1 without evidence of deuterium incorporation into the hydride position.
At room temperature, the 1 H NMR spectrum of 1 is consistent with C s molecular symmetry (with a mirror plane that contains Ru, H, Cl, and CO, if the square pyramidal geometry is assumed, see above) and rapid rotation about the Ru-C NHC bonds, and hindered N carbene -C mesityl rotation (Scheme 2). For example, the methyl groups of the mesityl rings resonate as three equivalent broad singlets, one singlet is observed for the olefin backbone hydrogen atoms and two singlets appear due to inequivalent aryl hydrogens of the IMes ligands (see Scheme 2). Heating a toluene-d 8 solution of 1 to 95°C does not result in any changes in the 1 H NMR spectrum. However, at -20°C, two of the methyl groups begin to broaden and decoalesce, and at -40°C resonances due to aryl hydrogen atoms begin to decoalesce. At -60°C, the resonance due to the olefinic IMes hydrogen atoms decoalesces into two broad singlets that integrate for 2H each.
Also at -60°C, the aryl hydrogens resonate as four singlets that integrate for 2H each, and the methyl groups are observed as five singlets (likely six symmetry unique groups with two overlapping resonances). The NMR spectra at low temperatures are consistent with hindered C-N mesityl and hindered Ru-C NHC bond rotation (Scheme 2). At room temperature, rotation about the Ru-C NHC bonds is rapid relative to the NMR time scale. Using CD 2 Cl 2 as the solvent, kinetic data for Ru-C NHC bond rotation have been derived at various temperatures. In CD 2 Cl 2 , the slow exchange regime for Ru-C NHC bond rotation was reached at -65°C (based on decoalescence of an IMes-Me broad singlet into two singlets), and these data were used to calculate activation parameters for rotation about the Ru-C NHC bond (Figure 1 ). The process is enthalpically dominated {∆H q ) 13.7(1) kcal/mol} with relatively negligible entropy contributions {∆S q ) 2.7(6) eu}, which is consistent with an intramolecular fluxional process.
Complex 1 is formulated as a 16-electron complex with an available coordination site. However, the presence of two sterically bulky IMes ligands might be expected to inhibit coordination of a sixth ligand. To explore whether or not ligand association is accessible, we reacted 1 with neutral 2-electron donating substrates. Heating complex 1 up to 100°C in the presence of acetonitrile or in C 6 D 6 with an excess PMe 3 results in no observed reaction by 1 H NMR spectroscopy (Scheme 3). In contrast to NCMe and PMe 3 , the reaction of 1 with CO (1 atm) at room temperature rapidly produces the cis-dicarbonyl Ru(II) complex (IMes) 2 Ru(Cl)(H)(CO) 2 (2) (eq 2). The synthesis, characterization, and crystal structure of (IMes) 2 -Ru(Cl)(H)(CO) 2 (2) have been previously reported; 61 however, the Ru-H IR stretch of 2 was not disclosed. Consistent with the reported data for 2, the 1 H NMR spectrum reveals the resonance due to the hydride ligand at -4.20 ppm (C 6 D 6 ; however, the IR spectrum of 2 between 1485 cm -1 and 1380 cm -1 contains multiple absorptions, and we were unable to identify the Ru-D stretch in the IR spectrum of 2-d 1 . The mechanism for the conversion of 2 and D 2 to 2-d 1 has not been probed, although it is reasonable to assume that it involves an initial ligand dissociation.
A single crystal of 2 suitable for an X-ray diffraction study was grown, and the resulting structure is shown in Figure 2 with crystallographic data and collection parameters given in Table 1 . The data for 2 from our study are similar to those previously reported. 61 The structure contains a CO/Cl site disorder with the positions of the disordered atoms obtained from a difference Fourier map (see Supporting Information). The hydride position of 2 was recovered from a difference map with a Ru-H bond distance of 1.54(2) Å, which is in agreement with other reported Ru II -H bond distances from X-ray diffraction studies including (IMes)(PCy 3 )Ru(Cl)(H)(CO) {Ru-H [Cl] (no reaction intermediates were observed at room temperature); however, free H 2 was observed at 4.42 ppm ( 1 H NMR). Since the hydride ligand of complex 2 was readily replaced with a chloride ligand via reaction with HCl, we attempted the same reaction with complex 1. However, neither reaction with HCl nor other sources of chlorine (e.g., N-chlorosuccinimide or CCl 4 ) resulted in the clean formation of (IMes) 2 Ru(Cl) 2 (CO) from (IMes) 2 Ru(Cl)(H)(CO) (1) (see Supporting Information).
Synthesis and Characterization of [(IMes) 2 Ru(H)(CO)]-[BAr′ 4 ] (4).
The reaction of 1 with NaBAr′ 4 {Ar′ ) 3,5-(CF 3 )C 6 H 3 } at room temperature produces a new species assigned as four-coordinate [(IMes) 2 Ru(H)(CO)][BAr′ 4 ] (4) (eq 5), which is isolated in 70% yield as a brick-red powder. The 1 H NMR spectrum of 4 shows the Ru-H as a broad resonance at -26.4 ppm (C 6 D 6 ), which integrates to 1H, and the IR (62) spectrum shows a ν CO stretch at 1933 cm -1 (C 6 H 6 ). Thus, conversion of 1 to 4 results in a 47 cm -1 increase in the CO absorption energy, which is consistent with the decrease in electron density and metal dπ-back-bonding to CO that is expected upon removal of chloride to generate a cationic complex. Similar to 1, the Ru-H stretching frequency was not identified in the IR spectrum of 4. In agreement with our assignment of 4 as the product of chloride abstraction, the reaction of 4 with [Bu 4 N][Cl] quantitatively produces 1 (by 1 H NMR spectroscopy, C 6 D 6 ) at room temperature (eq 5).
On the basis of characterization data (see below), complex 4 appears to be a four-coordinate Ru(II) complex. Although scant, recent examples of formally four-coordinate 14-electron Ru(II) systems have been reported, and as anticipated, such systems are highly reactive. [64] [65] [66] [67] [68] With limited exceptions, octahedral geometries in which C-H agostic interactions complete the "sixcoordinate" nature are adopted for these systems. Upon warming back to room temperature, the original 1 H NMR spectrum is acquired. These data suggest a temperature dependent and reversible equilibrium, and we propose that an equilibrium between complex 4 and the N 2 adduct [(IMes) 2 -Ru(H)(CO)(N 2 )][BAr′ 4 ] (4-N 2 ) is likely (eq 6). To further confirm coordination of dinitrogen by 4 at low temperatures, a toluene-d 8 solution of 4 was transferred to a J-Young NMR tube and was thoroughly degassed via multiple freeze -pump-thaw cycles and back-filled with argon (1 atm). Cooling this solution in the NMR probe from 20 to -40°C results in no observable changes. Hence, in the absence of dinitrogen, at low temperatures the second complex assigned as the nitrogen adduct 4-N 2 is not observed. In addition, pressurizing a J-Young NMR tube containing a solution of 4 with 80 psi of dinitrogen results in the observation of a mixture of 4 and 4-N 2 at room temperature (by 1 H NMR spectroscopy). Furthermore, subsequent degassing of this reaction tube with argon (via multiple freeze-pump-thaw cycles) results in the disappearance of 4-N 2 and quantitative conversion back to complex 4. Unfortunately, attempts to acquire low temperature IR spectra (in order to observe the coordinated dinitrogen ligand) were thwarted by decomposition of 4 (see the Supporting Information for details). Several attempts were made to grow crystals of 4 suitable for an X-ray diffraction study. In all attempts, complex 4 apparently crystallizes as [(IMes) 2 -Ru(H)(CO)(N 2 )][BAr′ 4 ] (4-N 2 ); however, the X-ray structure analysis is complicated by disorder. Details of a representative data set are provided in the Supporting Information. Finally, recrystallization of complex 4 under an argon atmosphere with a variety of solvent combinations did not produce X-ray quality crystals.
Additional evidence for the identity of complex 4 comes from reaction with tert-butylisonitrile. At room temperature 4 and excess CN 1 H NMR spectrum of 5 shows the Ru-H resonance at -7.99 ppm (C 6 D 6 ), and the IR spectrum (thin film on KBr) shows an absorption at 1975 cm -1 assigned as ν CO as well as symmetric and asymmetric ν CN stretches at 2150 and 2120 cm , which is likely due to an overlap of a low intensity Ru-H stretch with the CO absorption.
A single crystal of 5 suitable for an X-ray diffraction study was grown, and the resulting structure is shown in Figure 3 with crystallographic data collection and parameters given in Table 1 . The hydride ligand of 5 was located with a Ru-H bond distance of 1.68 Å. In contrast to 2, the trans IMes ligands of 5 are approximately perpendicular to each other with a twist angle θ t {0.5[N1-C1-C22-N4 + N2-C1-C22-N3]} 43 of 74.4°. Both of the isonitrile ligands were found to be slightly bent into an open area between the mesityl rings of an IMes ligand. These open "pockets" are a result of twisting of the IMes ligands. For example, the Ru1-C48-N6 bond angle is 168(2)°w ith the isonitrile bent away from a mesityl group of the C1-NHC into an opening between the mesityl rings of the C22-NHC ligand. Likewise, the Ru1-C43-N5 bond angle is 172(2)°with the isonitrile bent away from the mesityl ring of Hence, it is plausible to surmise that these ligands will readily distort as a consequence of packing interactions.
Although we have not been able to obtain a crystal of 4 suitable for X-ray diffraction, spectroscopic data, reactivity, and computational chemistry studies (see below) are consistent with the formulation of 4 as a monomeric four-coordinate Ru(II) complex in solution at room temperature. Furthermore, NMR spectra of 4 are consistent with a diamagnetic system, and utilization of the Evans NMR method to detect paramagnetic systems resulted in no difference in chemical shift of internal and external standards. It is interesting that 4 is apparently diamagnetic while related four-coordinate Ru(II) systems reported by Caulton et al. (see above) are paramagnetic triplet species. The triplet ground states for the two complexes reported by Caulton et al. have been attributed in part to the π-donating ability of the amido and alkoxo moieties. 74, 75 Figure 4 depicts a qualitative molecular orbital diagram for the (PNP)Ru(Cl) systems reported by Caulton et al. that provides a rationalization for their high spin electron configuration. The increased energy of d xz , which takes on antibonding character due to π-interaction with the amido moiety, results in a small energy gap between orbitals that possess d z 2 and d xz character. In contrast, complex 4 does not possess a π-donor ligand but has a strongly π-acidic CO ligand. Hence, the Ru-CO back-bonding interaction is anticipated to lower the energy of d xz and d xy relative to the PNP-Ru system and thus increase the HOMO-LUMO gap of 4 relative to the Caulton system, which might account for the low spin ground state. To explore the structure of 4, we employed DFT calculations.
Computational Figure 5 ). Additionally, steric repulsion is anticipated to promote a trans orientation of the two bulky IMes ligands. In fact, no examples of a tetrahedral structure for related fourcoordinate 14-electron Ru(II) systems have been reported. These Ru(II) systems adopt either a sawhorse structure, [69] [70] [71] [72] in which the open sites of the metal center form C-H · · · Ru agostic interactions to complete the "six-coordinate" nature, or a square planar structure without formation of C-H agostic interactions. 74, 75 Our spectral analysis shows no evidence of C-H agostic interactions in complex 4. It is also very interesting that 4 is characterized to be diamagnetic, which contrasts the reported square planar PNP-Ru-X systems that are suggested to be paramagnetic triplet species. 74, 75 Density functional theory (DFT) calculations were thus carried out to interpret the geometry and electronic structure of the four-coordinate complex 4.
When adopting a square planar structure without C-H agostic interactions, a d 6 complex has the possibility to be a singlet or triplet depending on the magnitude of d-orbital splitting ( Figure  5) . A π-donor ligand may raise the energy of one or more of the nonbonding d-orbitals closer to that of the d z 2 orbital, leading to a triplet state. However, a π-acidic ligand, such as CO, might stabilize the nonbonding d-orbitals and increase the d-splitting energy, resulting in a singlet state (Figure 4) . To evaluate the spin multiplicity of 4 in an assumed square planar geometry and the π-donor and π-acceptor effects of the ligand on the ground-state spin multiplicity, DFT calculations were employed for [(IMes) 2 Ru(H)(CO)] + (4) and a hypothetical (IMes) 2 Ru-(H)(NH 2 ) (6) complex in both singlet and triplet spin states. The optimized structures are shown in Figure 6 . The optimization of singlet 4 from a square planar starting geometry leads to two minima. One (4 SP-S-1 ) is square planar, while the other minimum (4 SP-S-2 ) has two trans-oriented C-H agostic interactions to complete a "six-coordinate" octahedral geometry, as shown in Figure 6 . In 4 SP-S-2 , the Ru · · · CH 3 distances are calculated to be ∼2.7 Å, which is quite similar to those of the complex [{P( + is more likely to be a triplet d 6 complex (i.e., paramagnetic). The DFT calculations suggest that the π-acceptor effect of CO cannot lead to a singlet 4 in a square planar structure, which is contrary to the experimental observation that the cation [(IMes) 2 Ru(H)(CO)] + is diamagnetic. Replacing CO with the π-donor ligand NH 2 , we cannot locate a square planar stationary point for the singlet (IMes) 2 Ru(H)(NH 2 ) (6). Singlet 6 changed from a square planar starting geometry to a sawhorse geometry upon full DFT geometry optimization. For the square planar geometry, the perturbation due to π-donor effects of NH 2 raises the d xz slightly higher than d z 2 in energy, resulting in a small d-splitting, similar to the case in Caulton's system. 74 As shown in Figure 7 , the d-splitting energy for 6 SP-T is calculated to be only 0.15 eV. Thus, in a square planar geometry, the IMes-Ru(II) system tends to be paramagnetic with both π-acceptor or π-donor ligands. This initial set of simulations suggests a possible resolution to the apparent theory-experiment mismatch vis-à-vis complex 4, i.e., a sawhorse geometry.
A sawhorse structure can be viewed as the cis-divacant fragment of an octahedral complex. The energy of d z 2 is thus expected to be much higher than that of the nonbonding d xy , d yz and d xz orbitals, , as shown in Figure 5 . Therefore, the d 6 complex may tend to be diamagnetic with doubly occupied nonbonding d xy , d yz and d xz orbitals. The optimized sawhorse structures for both singlet and triplet 4 are shown in Figure 6 . The singlet 4 SH-S is much more stable than the square planar singlet 4 SP-S-1 , being lower in free energy by 35.5 kcal/mol. This singlet sawhorse 4 SH-S is also more stable than the square planar triplet 4 SP-T , lower in free energy by 24.8 kcal/mol. However, the triplet sawhorse 4 SH-T is calculated to be 30.3 kcal/mol higher in free energy than 4 SH-S . 81 Therefore, the singlet 4 SH-S in sawhorse geometry is calculated to be the most thermodynamically stable structure for cation [(IMes) 2 Ru(H)(CO)] + . As depicted in Figure 8 , because of the stabilization of the d-orbitals by π-acceptor ligands, IMes and CO, the HOMO/LUMO gap of 4 SH-S is calculated to be 3.92 eV, significantly higher than that of the 4 SP-S (2.05 eV). The H-Ru-CO angle of 4 SH-S is calculated to be 84.1°, while that of triplet 4 SH-T is 117.0°. The triplet 4 SH-T is thus more akin to an equatorial-vacant trigonal bipyramid. Typically, d
6 diamagnetic complexes have strong C-H agostic interactions due to the vacant sites on the metal centers when adopting a sawhorse geometry. [69] [70] [71] [72] However, for the cationic complex [(IMes) 2 Ru(H)(CO)] . Because the free energy difference between 4 SH-T and 4 SH-S is large, this small imaginary frequency will not affect our discussion. No further attempts were made due to the formidable workload of reoptimization. + complex (4) and hypothetical (IMes) 2 Ru(H)(NH 2 ) (6). Subscript SP and SH denote square planar and sawhorse structures, respectively; subscript S and T indicate singlet and triplet states, respectively. Most hydrogen atoms on the IMes ligands are omitted for clarity. Calculated free energies are shown in parentheses at 289.15 K and 1 atm (unit: kcal/mol).
Figure 7. Perturbed d-block of [(IMes) 2 Ru(H)(CO)]
+ (4) and hypothetical (IMes) 2 Ru(H)(NH 2 ) (6) in a square planar geometry. The d-splittings are obtained from single point RODFT calculations with the unrestricted DFT optimized structures.
did not locate a stationary point with C-H agostic interactions, perhaps due to the bulky IMes ligands. As discussed above, even with the more Lewis acidic nonbonding vacant d z 2 in the singlet state, 4 SP-S-2 is less stable than the 4 SP-S-1 by 0.3 kcal/ mol. Thus, the combined experimental and computational studies indicate that the four-coordinate cation [(IMes) 2 Ru(H)(CO)] + is a diamagnetic complex, with a sawhorse structure, and without C-H agostic interactions.
Additional support for the congruity between experiment and theory for complex 4 is the calculated ν CO for the singlet sawhorse structure, which is 1936 cm -1 after scaling for anharmonicity (compared with the experimental value of 1933 cm . Furthermore, the room temperature 1 H NMR spectrum of 4 is consistent with the sawhorse geometry in which there is rapid rotation (relative to the NMR time scale) around the Ru-C NHC bonds to render the four mesityl rings time average equivalent as well as all four )CH moieties of the NHC ligands. The three methyl groups on each mesityl ring remain inequivalent, presumably due to hindered N-C bond rotation.
Previous reports of four-coordinate Ru(II) complexes fall into two categories: (1) square planar and paramagnetic stabilized by a π-donor ligand and (2) diamagnetic sawhorse structure with two C-H agostic interactions to complete an octahedral coordination sphere. These prior results suggest that the presence of a strongly π-donating ligand can drive the preferred geometry from octahedral (or sawhorse if the C-H agostic interactions are discounted) to square planar, which results in a triplet ground state. In their report on (PNP)RuCl, Caulton et al. made the acute observation, "The present structure shows that agostic interactions are not inevitable in a 14-electron species, but that a triplet state, with half-filling of two orbitals, is another way to make the best outcome of an otherwise electron-deficient (14-electron) situation." 73 The combined experimental and computational studies of [(IMes) 2 Ru(H)(CO)] + (4) suggest that a diamagnetic 14-electron species is also accessible in the absence of agostic interactions, a result that was previously suggested by Caulton et al. based on computational studies on the structure of the model complex [Ru(Ph)(CO)(PH 3 ) 2 ] + . 82 Thus, it is possible that the presence/absence of π-active (donor or acceptor) ligands dictates the ground-state geometry and that the presence/absence of agostic interactions plays a minor role. But, the calculations also suggest that (IMes) 2 Ru(H)(NH 2 ) will adopt a diamagnetic sawhorse ground state, which indicates that the square planar paramagnetic Ru(II) complexes may result from a constrained ligand geometry rather than the presence of a π-donor ligand. However, experimental results to corroborate the calculations are not yet available for (IMes) 2 Ru(H)(NH 2 ). 4-N 2 ) . DFT calculations were also performed to evaluate the formation of the dinitrogen complex 4-N 2 . The coordination of N 2 to 4 leads to two isomers of 4-N 2 . As shown in Scheme 4, one isomer positions N 2 trans to the hydride ligand (4-N 2 -1), while the second isomer has N 2 trans to the carbonyl (4-N 2 -2). 4-N 2 -2 is calculated to be more stable than 4-N 2 -1 by 3.7 kcal/mol in free energy. The Ru-N bond length in 4-N 2 -2 is calculated to be 2.089 Å, which is markedly shorter than that in 4-N 2 -1 (2.185 Å). The calculated thermodynamic data indicate a temperature dependent and reversible equilibrium between 4, 4-N 2 -1 and 4-N 2 -2. At 273.15 K, the coordination of N 2 to 4 to form 4-N 2 -2 is calculated to be exergonic by 2.8 kcal/mol; however, the formation of 4-N 2 -2 is calculated to be endergonic by 0.2 kcal/mol at 298.15 K. These calculations are consistent with experimental observations in which the formation of 4-N 2 is only observed at low temperature (at atmospheric pressure of N 2 ). Additionally, the more stable 4-N 2 -2 isomer is calculated to be close in energy to the isomer 4-N 2 -1. Therefore, it is not surprising that X-ray data for 4-N 2 are complicated by disorder. (30 psi D 2 ) to be approximately 1.4 × 10 -4 s -1 (Supporting Information). A short induction period (approximately 10 min) was observed prior to significant change at the ortho position of the IMes ligands, which is likely due to H/D exchange at the Ru-H position prior to incorporation into the methyl groups. We were unable to measure the rate accurately over three halflives due to a competitive decomposition pathway at prolonged reaction times. This decomposition precluded attempts to measure the rate of H/D exchange back to perprotio-[(IMes) 2 Ru(H)(CO)][BAr′ 4 ] (4) when the solution was degassed and pressurized with H 2 (30 psi). Intramolecular C-H, C-N and C-C bond activations of Ru II bound IMes (and other NHCs) ligands have been reported: C-C and C-N bond activations were found to be stoichiometric and lead to new cyclometalated IMes ligands (C-C activation) 47 or new N-coordinated NHC ligands (C-N activation) . 48 The intramolecular C-H bond activation of IMes produces an IMes cyclometalated Ru II complex, 47 and other NHCs that show intramolecular C-H activation have been successfully incorporated into catalytic C-C bond formation reactions. 45, 46 Variable-temperature Thus, we suggest a time average resonance at 0.62 ppm for free H 2 and the Ru-H where we were unable to reach the decoalescence point at low temperatures and at room and elevated temperatures the rate of exchange is fast, which is consistent with the lack of observation of free HD for reaction of 4 with D 2 .
Computational Studies for [(IMes) 2 Ru(H)(CO)(N 2 )]-[BAr′ 4 ] (

H/D Exchange of Hydride with D 2 : (IMes) 2 Ru(Cl)-(H)(CO) (1) Versus [(IMes) 2 Ru(H)(CO)][BAr′ 4 ] (4).
We were interested in determining the extent to which removal of chloride from 1 impacts the rate of hydride/deuteride ligand exchange. The reaction of 1 with D 2 (30 psi) at room temperature was followed by Catalytic Hydrogenation. Since the hydride complexes 1 and 4 were found to activate D 2 , we attempted catalytic hydrogenation reactions. Both 1 and 4 are active for the addition of H-H bonds across CdC and CdO bonds. As depicted in Table 2 , the olefin substrate scope ranges from terminal to internal olefins including mono-and disubstituted olefins. Hydrogenation was also extended to CdO bonds of acetone and benzaldehyde (Table 3 ). All hydrogenation reactions were monitored by 1 H NMR spectroscopy, and only complex 1 or 4 was observed during the course of the reaction, which suggests that the monohydride systems are the catalyst resting states.
Using complex 4 as catalyst, the rates of hydrogenation for hexenes follow the trend: trans-3-hexene > trans-2-hexene >1-hexene (entries 2-4, Table 2 ). In fact, monitoring the hydrogenation of 1-hexene by 1 H NMR spectroscopy reveals initial and complete isomerization to trans-2-hexene prior to hydrogenation (Scheme 8). Due to overlapping resonances, it cannot be stated with certainty whether trans-2-hexene is further isomerized to trans-3-hexene prior to hydrogenation, although this seems likely given the rapid rate of isomerization compared with rate of hydrogenation. The present results are in agreement with other monohydride Ru systems that isomerize olefins.
37
Attempts at the hydrogenation of benzene with 4 resulted in no reaction (60°C, 30 psi H 2 ) or decomposition of 4 (120°C, 60 psi H 2 ). The hydrogenation of the disubstituted olefin 1,4-cyclohexadiene occurs at approximately the same rate as the monosubstituted olefin cyclohexene (entries 6 and 7, Table 2 ). During the course of 1,4-cyclohexadiene hydrogenation, cyclohexene is observed as a short-lived intermediate. The hydrogenation of styrene using D 2 in place of H 2 results in the incorporation of deuterium into the ethyl group of ethylbenzene (eq 8). The 1 H NMR spectrum of the reaction product of styrene with D 2 shows broad multiplets at 2.43 and 1.06 ppm for the methylene and methyl groups of ethylbenzene, respectively.
Scheme 6. Reversible H/D Scrambling into the Ortho IMes Methyl Groups of 4
The cationic and coordinatively unsaturated complex 4 is a more active catalyst for hydrogenation than complex 1. For example, under the same conditions, the hydrogenation of 1-hexene is complete in only 6 h using 4 and after 27 h with complex 1 as catalyst (entries 1 and 2, Table 2 ). Both 1 and 4 are significantly less active for the hydrogenation of 1-hexene compared to the previously reported (PCy 3 ) 2 Ru(Cl)(H)(CO) 37 and (IMes)(PCy 3 )Ru(Cl)(H)(CO) 38 systems. The catalytic hydrogenation of 1-hexene using (PCy 3 ) 2 Ru(Cl)(H)(CO) has a TOF of 12 000 h -1 at room temperature and 1 atm H 2 , and for (IMes)(PCy 3 )Ru(Cl)(H)(CO) the TOF is 3000 h -1 at room temperature and 4 atm H 2 . 37, 38 Complex 1 and 4 were found to hydrogenate 1-hexene with a TOF of 0.8 and 3.3 h -1
, respectively (60°C and 2 atm H 2 ). At room temperature, 5 mol % 4 was found to hydrogenate/isomerize 1-hexene completely (by 1 H NMR) to a mixture of trans-2-hexene (10%) and hexane (90%), at which time significant catalyst decomposition had occurred. The substantially decreased activity of the bis-IMes complex 4 compared to the mixed IMes/phosphine, and to an even greater extent the bis-phosphine complex, is most likely a combination of steric factors and the strong binding nature of IMes ligands, which prohibits ligand dissociation and may thus inhibit olefin coordination. Over the course of catalytic hydrogenation reactions using 4, there is no evidence of olefin coordination to the 4-coordinate 14-electron Ru(II) cation, which further supports the steric argument. As noted above, 4 isomerizes 1-hexene to trans-2-hexene prior to hydrogenation. Thus, we studied the reaction of 4 with trans-2-hexene in the absence of H 2 (eq 9). After 20 h, 27% conversion of trans-2-hexene to trans-3-hexene is observed with 5 mol % 4 at 60°C, longer times resulted in no further changes by 1 H NMR spectroscopy. Recently, Grotjahn et al. have reported the remarkable isomerization of dotriacont-31-en-ol to dotriacontan-2-one catalyzed by a cationic Ru(II) complex, which moves the CdC double bond 30 C-C linkages. 84 The reaction of 9-decen-1-ol with 5 mol % 4 at 70°C results in the complete isomerization to an internal olefin, likely 8-decen-1-ol, after 2 h (Scheme 9). Prolonged reaction time (24 h) results in no further changes. In contrast, the Ru(II) catalyst 4, the Grotjahn system, [CpRu{κ 2 -P,N-P( i Pr) 2 (C 8 H 13 N 2 )}(NCMe)]- [PF 6 ] (5 mol %), was found to catalyze the conversion of 9-decen-1-ol (70°C) to decanal in 84% yield after 4 h.
84
A possible mechanism for the hydrogenation (and isomerization of olefins) is shown in Scheme 10. Assuming that complex 4 is 4-coordinate Ru(II) with a 14-valence electron count, olefin association is likely the initial step. If N 2 is coordinated to 4, it is likely very labile (at room temperature, see above). Olefin insertion would give a 5-coordinate 16 electron complex that could be followed by insertion of the olefin into the Ru-H bond. After insertion, -hydride elimination/reinsertion/ -hydride elimination sequences followed by olefin dissociation provides a pathway for olefin isomerization. At this time, we do not have data that would allow for us to discern between H 2 oxidative addition and σ-bond metathesis.
The reduction of aldehydes and ketones using H 2 in place of NaBH 4 or LiAlH 4 (stoichiometric reducing agents) is a widely employed reaction for both commodity and fine chemical synthesis due to the atom economical nature of the reaction, and the ability to produce enantiomerically pure alcohols from prochiral ketones.
85 Ru(II) complexes have been shown to possess exceptional reactivity for the addition of H 2 across CdO bonds. [85] [86] [87] Extension of hydrogenation to carbonyl groups by 1 and 4 was explored (Table 3) . Complex 4 is less active for the hydrogenation of carbonyl groups than for olefins, and complex 1 essentially shows little reactivity for carbonyl hydrogenation (entry 1, Table 3 ). Whittlesey et al. have reported that complex 1 catalyzes the hydrogenation of the CdO group of para-substituted acetophenones. Similar to our observations with benzaldehyde, they report less than quantitative conversions under forcing conditions (75°C, 150 psi H 2 , 10 h).
61
The hydrogenation of benzaldehyde by 4 to benzyl alcohol occurs at a slightly slower rate (entry 2, Table 3) than the hydrogenation of styrene (entry 5, Table 2 ). The hydrogenation of acetone by 4 was found to be slowest of all substrates studied (entry 3, Table  3 ). Though complex 4 can hydrogenate both CdC and CdO substrates, these results suggest that it is kinetically selective for the CdC functionality. Attempted extension of catalytic hydrogenation to carboxamides (N-methylacetamide) or esters (methyl acetate) resulted in no reaction or decomposition of 4, respectively.
Summary and Conclusions
The sterically encumbering and strongly donating BuNC), reversible intramolecular C-H activation and reversible N 2 coordination have been observed for 4. In addition, complex 4 was found to be active for olefin, ketone, and aldehyde hydrogenation with kinetic selectivity for CdC over CdO hydrogenation. DFT calculations are consistent with the temperature dependent and reversible coordination of N 2 to 4.
Previous examples of four-coordinate Ru(II) complexes include paramagnetic square planar systems that are stabilized by a π-donor ligand and diamagnetic systems in which two C-H agostic interactions complete an octahedral coordination sphere. However, the combined experimental and computational results that have been presented herein suggest that a diamagnetic 14-electron species is accessible in the absence of C-H agostic interactions. As anticipated, initial studies have revealed an array of reactivity of the four-coordinate complex 4 including catalytic hydrogenation, intramolecular C-H activation, coordination of dinitrogen and facile coordination of traditional Lewis bases.
Experimental Section
General Methods. Unless otherwise noted, all reactions and procedures were performed under anaerobic conditions in a nitrogen filled glovebox or using standard Schlenk techniques. Glovebox purity was maintained by periodic nitrogen purges and monitored by an oxygen analyzer {O 2 (g) < 15 ppm for all reactions}. Hexanes were purified by passage through two columns of activated alumina. Acetonitrile and methanol were purified by distillation from calcium hydride. Pentane was purified by distillation from sodium. Benzene, tetrahydrofuran, and toluene were purified by distillation from sodium/benzophenone. CD 3 CN, C 6 D 6 , CDCl 3 , CD 3 OD, CD 2 Cl 2 , and C 6 D 5 CD 3 were degassed via three freeze-pump-thaw cycles and stored over 4 Å sieves. Photolysis experiments were performed using a 450 W power supply, 450 W lamp, and a quartz cooling jacket with flowing water.
1 H and 13 C NMR spectra were obtained on either a Varian Mercury 300 MHz or Varian Mercury 400 MHz spectrometer (operating frequencies for 13 C NMR are 75 and 100 MHz, respectively) and referenced against tetramethylsilane using residual proton signals ( 1 H NMR) or the 13 C resonances of the deuterated solvent ( 13 C NMR). 19 F NMR spectra were obtained on a Varian 300 MHz spectrometer (operating frequency 282 MHz) and referenced against an external standard of hexafluorobenzene (δ ) -164.9).
31 P NMR spectra were obtained on a Varian 400 MHz spectrometer (operating frequency 161 MHz) and referenced against an external standard of H 3 PO 4 (δ ) 0).
2 H NMR spectra were obtained on a Bruker 500 MHz spectrometer (operating frequency 78 MHz) in C 6 H 6 and referenced against residual C 6 D 6 (δ ) 7.16). Unless otherwise noted NMR spectra were acquired at room temperature. IR spectra were obtained on a Mattson Genesis II spectrometer as either thin films on a KBr plate or in a solution flow cell. Elemental analyses were performed by Atlantic Microlabs, Inc. [Ru(CO) 2 Cl 2 ] n , IMes, and NaBAr′ 4 were prepared according to reported procedures. [88] [89] [90] Cyclohexene was degassed via three freeze-pump-thaw cycles and stored over 4 Å sieves. Styrene was vacuum distilled from CaH 2 . Carbon monoxide (99.5%) and H 2 (99.9%) were obtained from MWSC High-Purity Gases and used as received. D 2 (99.8% D) was obtained from Cambridge Isotope Laboratories and used as received. All other reagents were purchased from commercial sources and used without further purification.
(IMes) 2 Ru(Cl)(H)(CO) (1). A yellow heterogeneous solution of [Ru(CO) 2 Cl 2 ] n (0.162 g, 0.711 mmol), IMes (0.443 g, 1.46 mmol) and toluene (20 mL) in a sealed pressure tube was heated in an oil bath to 100°C for 24 h. After the heating period, the orange solution was filtered, and the volatiles were removed from the filtrate in vacuo to produce an orange residue. The residue was dissolved in methanol (20 mL) and heated to reflux for 48 h. During the heating period, an orange precipitate formed. The volatiles were reduced to approximately 5 mL. After stirring overnight in methanol, the orange solid was collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.148 g, 27% yield 137.7, 137.3, 136.7, 136.4, 129 .4 (each a s, IMes-aryl, likely one overlap), 121.9 (NCH)CHN), 21.7 (s, p-CH 3 ), 19.5 (s, 19.4 (s, . MS (EI) Calculated (Found): m/z 738.6 (739, σ ) 0.4 ppm) {(IMes) 2 Ru(H)(CO)} + . (IMes) 2 Ru(Cl)(H)(CO) 2 (2). Carbon monoxide was gently bubbled through a yellow solution of 1 (0.078 g, 0.100 mmol) in benzene (20 mL) in a 100 mL round-bottom Schlenk flask. The solution immediately turned colorless. After stirring for 1 h at room temperature, the CO purge was stopped, and the volatiles were reduced to ∼1 mL in vacuo. Hexanes were added to precipitate a white solid, which was collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.066 g, 82% yield). Crystals suitable for an X-ray diffraction study were grown by layering a benzene solution of 2 with pentane at room temperature under a N 2 atmosphere. IR (KBr): ν Ru-H ) 1941 cm 13 C NMR (C 6 D 6 , δ): 204.1 (s, Ru-CO), 185.5 {s, Ru-C(IMes)}, 139.5, 137.7, 137.0, 136.7, 129.8, 129 .7 (each a s, IMes-aryl), 123.4 (NCHdCHN), 21.6 (s, p-CH 3 ), 19.2 (s, o-CH 3 ), 19.1 (s, o-CH 3 ) .
(IMes) 2 Ru(Cl) 2 (CO) 2 (3). HCl (4 M solution in 1,4-dioxane, 0.050 mL, 0.20 mmol) was added to a yellow solution of 2 (0.055 g, 0.068 mmol) in benzene (20 mL) in a 100 mL round-bottom flask. The solution was stirred for 1 h at which time the volatiles were reduced to ∼1 mL in vacuo. Hexanes were added to precipitate a white solid, which was collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.047 g, 82% yield ] (4). NaBAr′ 4 (0.085 g, 0.096 mmol) was added to a yellow solution of 1 (0.094 g, 0.120 mmol) in benzene (20 mL), and the mixture was stirred at room temperature for 24 h. The resulting orange-yellow solution was filtered through a plug of Celite. The filtrate was reduced to ∼1 mL in vacuo. Hexanes were added to precipitate an orange-red solid. After storing at -20°C overnight to maximize precipitation, the brick-red solid was collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.105 g, 54% yield). IR (C 6 H 6 ): ν CO ) 1933 cm -1 . 1 H NMR (C 6 D 6 , δ): 8.39 (8H total, br s, o-Ar′), 7.69 (4H total, br s, p-Ar′), 6.69 (8H total, br s, IMes aryl), 6.00 (4H total, br s, IMes HCdCH), 2.21, 1.58, 1.50 (36H total, each a s, 1:1:1 ratio IMes -CH 3 ), -26.43 (1H total, br s, Ru-H) 13 C NMR (C 6 D 6 , δ): 202.9 (br s, Ru-CO), 188.4 {br s, Ru-C(IMes)}, 163.1 (1:1:1:1 ratio, q, 1 J BC ) 50 Hz, B-C), 139.7, 135.8, 135.6, 135.2, 135.0, 130.1, 130.0, 127.4, 123.8, 123.3, 120 . CN t Bu (0.012 mL, 0.11 mmol) was added to a yellow solution of 4 (0.051 g, 0.032 mmol) in benzene (20 mL) in a 100 mL round-bottom flask. The solution immediately turned colorless. After stirring for 1 h, the volatiles were reduced to ∼1 mL in vacuo. Hexanes were added to precipitate a white solid, which was collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.046 g, 82% yield). Crystals suitable for an X-ray diffraction study were grown by layering a benzene solution of 5 with pentane at room temperature under a N 2 atmosphere. IR (KBr): ν CN ) 2150 cm -1 , 2120 cm -1 , ν CO ) 1975 cm -1 (also has a low energy shoulder, likely Ru-H stretch).
1 H NMR (C 6 D 6 , δ): 8.42 (8H total, s, o-Ar′), 7.72 (4H total, s, p-Ar′), 6.68, 6.67 (8H total, 1:1 ratio, each a br s, IMes aryl), 5.87 (4H total, s, IMes HCdCH), 2.13, 1.76 (36H total, 1:2 ratio, each a s, IMes -CH 3 ), 0.98, 0.77 {18H total,1:1 ratio, each a s, -C(CH 3 ) 3 }, -7.99 (1H total, s, Ru-H).
13
C NMR (C 6 D 6 , δ): 200.8 (s, Ru-CO), 183.0 {s, Ru-C(IMes)}, 162.0 (1:1:1:1 ratio, q, 1 J BC ) 50 Hz, B-C), 139.3, 138.4, 136.0, 135.8, 135.0, 129.6, 129.5, 126.6, 124.2, 123.0, 119.4, 117.6 2 Cl 2 ] n (0.037 g, 0.16 mmol), IMes (0.110 g, 0.36 mmol) and toluene (5 mL) in a sealed pressure tube was heated in an oil bath to 100°C for 24 h. After the heating period, an aliquot was analyzed by 1 H NMR spectroscopy, which showed a mixture of (IMes)Ru products (none of which corresponded to 1) and a single resonance upfield of 0 
